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Un saluto speciale va agli amici di Roma che ho lasciato dopo essermi trasferito
a Udine. Grazie a voi ho capito ancora di più quanto sia bello essere legato ad
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Abstract
In a superconducting multi-stage conductor, many electromagnetic features
depend on the strands geometry that affects the cable behavior at both the
local and the global levels, determining the inter-strand contact resistances
distribution and the coupling current loops shape. To model these phenomena
in detail, an accurate description of the cable strands geometry is necessary to
get the strand trajectories and, possibly, the inter-strand contact areas. Since
analytical or semi-analytical approaches for the cables geometrical modeling,
that were successfully adopted for cables with circular cross-section, are not
sufficiently adequate for conductors with square or rectangular cross-section,
a new geometrical model based on a simplified structural approach has been
developed for the numerical code THELMA.
The new geometrical model for rectangular cable-in-conduit conductors and
multi-stage Rutherford-like cables is based on a virtual cabling sequence, fol-
lowed by a compaction procedure to give the desired shape to the conductor
cross-section. To reduce the inter-strands and the conduit-strands geometrical
interferences due to both the cabling and the compaction procedures, an iter-
atively elastic contact model has been implemented, which takes into account
an elastic force acting on the strands cross-section. These forces are evaluated
on the basis of the local geometrical interferences and the strand transversal
contact stiffness. In this thesis, the main characteristics of the new geometrical
model are presented in detail.
The geometrical model validation is also shown and discussed, based on the AC
losses analysis on DEMO TF rectangular cable samples carried out with the
THELMA code. In particular, the coupling currents loss has been computed
and compared with the measured one after the tuning of the strands contact re-
sistivity parameters with respect to experimental inter-strand resistance data.
Contact resistances are of a paramount importance for the numerical modeling
of the equivalent electromagnetic network of the cable used for the computa-
tion of the coupling loss. Hence, the agreement between the experimental




An important aspect to be taken into account for the AC losses estimation
in superconducting cables is the presence of eddy current loss in the copper
stabilizer which is needed for the conductor stability. In this thesis, a pre-
liminary study to model a new stabilizer proposed for one of the DEMO TF
prototype conductors is discussed. In particular, the transversal resistance of
the stabilizer has been numerically analyzed and the eddy currents loss due to
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Thermonuclear fusion can be an important long-term energy source to com-
plement the others resources like fossil fuels, e.g. coal, gas and oil, nuclear fis-
sion and renewable sources. In fact, fusion power has several advantages such
as no greenhouse gases emissions, abundance of fuel, inherently safe system
and no long-life radioactive waste production. Fusion is a process where light
nuclei collide and merge together to form a heavier nucleus releasing energy in
according to the Einstein’s equation E = mc2 [10]. The most promising fusion
reaction involves two hydrogen isotopes, deuterium (D) and tritium (T):
D + T → He + n + 17.6MeV . (1.1)
Since the total mass of the fusion products is lower than the one of the inter-
acting particles, an energy Q of 17.6 MeV is released according to the mass-
energy equivalence principle and it is distributed as kinetic energy between the
resulting alpha particle and the neutron, with ratio inverse to their respective
masses:
En = mHe/(mHe +mn)×Q = 14.1 MeV , (1.2)
EHe = mn/(mHe +mn)×Q = 3.56 MeV . (1.3)
This and other kind of nuclear reactions are possible at very high temperatures,
nearly 150 million degrees Celsius (> 10 keV), where electrons are separated
from nuclei and matter becomes plasma, i.e a hot and fully ionized gas. To
produce and control a stable plasma, a fusion reactor able to withstand these
extreme working conditions is needed. One of the most promising solutions is





than ITER, many technological choices that are going to be tested in ITER
will have to be adapted to satisfy the DEMO requirements.
1.3 Cables for fusion magnets
The so-called Cable-In-Conduit Conductor (CICC) is the most common
solution adopted for the superconducting conductor of a Tokamak coils. Dif-
ferently from the Rutherford cables which are mostly used for particles accel-
erator magnets [14], CIC conductors, thanks their robust mechanical design
and a good cooling capability, are able to carry high levels of current, e.g.
up to 68 kA for ITER cables, and to withstand the severe working condi-
tions present in a fusion machine that arise from radiations, huge mechanical
stresses, electromagnetic loads and plasma instabilities or disruptions. These
type of conductors are composed by several strands twisted together accord-
ing to a multi-stage cabling scheme, and then inserted in a resistive jacket and
compacted. Mostly, the first stage of cabling is made by twisting three strands
with a twist pitch t1 to form the so-called triplet, which represents the 1
st order
bundle of the cable. Then, all the triplets are usually twisted in groups, e.g.
three of them, to form a 2nd order bundle usually referred to as 3×3 with a
different twist pitch t2. The 3
rd order bundle is evidently formed by twisting
together a certain number of 2nd order sub-cables, e.g. four of them, to obtain
a 3×3×4 bundle (see Figure 1.3). This procedure is repeated up to the last
cabling stage with increasing twist pitches. The last order sub-cables are re-
ferred to as petals. Intermediate, if necessary, and final compaction are applied
to the bundles to control their cross-section shape.

































Figure 1.3: Cabling stages of a sub-cable made by 36 twisted strands.
pacted final cable is inserted in a jacket with a circular, square or rectangular
cross-section. A final compaction of the jacketed conductor is then performed

6 Introduction
in correspondence to the critical electric field Ec, typically assumed as 10
µV/m. An experimental standard test is usually adopted to determine Ic
[17]: voltage taps are suitably applied to a strand specimen to measure the
voltage drop due to the injection and the ramp up of the current I [A] at
constant temperature. The experimental results show that the field-current








where n is the so-called n-index. It can be retrieved from the logarithmic slope
of the voltage-current characteristic or, in case of Nb3Sn strands, it can be also
empirically characterized as a function of temperature T, magnetic induction
B and applied strain ϵ [19][20]:
n = 1 + r(T, ε) · [Ic(B, T, ε)]s(T,ε) , (1.5)
where r and s are two fitting functions of T and ϵ.
Generally, it is possible to describe the critical current density Jc of a super-
conductor as a function of field, temperature and, possibly, strain by semi-
empirical relations called scaling law which are based on parameters found
experimentally. For NbTi strands, the most common law is based on the Bot-
tura fit [21]:
















where Bc2(T ) is the upper critical induction at the operating temperature
expressed as:








with exponent n equal to 1.7. Tc,0 is the critical temperature at zero field
whereas C0, α, β and γ are the free fitting parameters to be set for the specific
strand. For Nb3Sn strands, the Durham scaling law [22] is frequently used and
it is defined through these equations:
Jc(B, T, ϵ) = A(ϵ)[T
∗
c (ϵ)(1− t2)]2[B∗c2(T, ϵ)]n−3bp−1(1− b)q , (1.8)
B∗c2(T, ϵ) = B
∗
















1.5 Loss in superconductor
Even if superconductors offer a negligible resistance to the passage of cur-
rent, energy dissipation phenomena which compromise their stability may oc-
cur. In fact, when a superconductor is subjected to a changing magnetic field,
screening currents of density Jc are induced which flow on the surface and
tend to shield the superconductor from the external field. These currents,
that are in addition to the transport current which is the net current ener-
gizing the magnet, behave like eddy currents but, due to the zero resistance
state of the superconductor, they do not decay. As a first consequence, the
presence of these persistent currents produces a magnetization M , a magnetic
moment per unit volume, which leads, when no transport current is flowing, to
a hysteresis loss Qhyst =
∮
MdH due to the external field cyclic variation [25].
Filamentary composites are preferred to thick single core or slab configurations
to reduce the magnetization, as well as for their efficacy against the flux jump.
Unfortunately, when a time-varying magnetic field transverse to the strands is
B B
Figure 1.6: Induced screening current on the strand outer surface in presence
of an external time-varying uniform magnetic field.
applied, the superconducting filaments are magnetically coupled to each other,
and the strand matrix offers the opportunity to the screening currents to pass
from one filament to the others. These coupling currents represent another
source of energy dissipation since they crossover through the resistive matrix
in order to close the loops. One of the most powerful solution to reduce the
coupling loss, also called inter-filaments or intra-strand loss, is to twist the
filaments together in the strands [26][27]. Another contribution to the total
losses due to the presence of an external variable field is given by the eddy
currents induced in the normal matrix (pure eddy currents loss). This term,
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which is negligible at low frequencies in comparison with the others, strongly
depends on the strand size and matrix resistivity [28]. At high frequencies, the
shielding effect of the currents circulating in the copper layer at the strands
surface (skin effect) can be significant and lead to a reduction of both coupling
and magnetization [29]. In the case of a multi-stage conductor, the strands are
in turn magnetically coupled and many different loops are created by the in-
duced currents which flow through the contacts between the twisted strands.
A non negligible resistance of these contacts generates the inter-strand loss
which strongly contributes to the total AC losses. The strategy of twisting
the strands to form larger and larger bundles with different twist pitches arose
from the need to limit the inter-strand loss by the transposition of the strands.
The prediction of AC losses is therefore a important issue of a conductor design
because of the need to protect the coils against a potential thermal runaway
(quench) during transient regime or pulsed operations. Unfortunately, a large
number of factors affect the final behavior of the conductors, so that the sim-
ulation of the AC losses phenomenon is very challenging from the numerical
modeling point of view. The analysis of the cable losses must span from the
whole conductor down to the individual strands and, if necessary, the strands
filaments. Therefore, one of the most important aspects is the accuracy of
the conductor geometry which defines the trajectories of the strands and de-
termines the distribution of the contact points where the coupling currents
loops can close. Several codes have been developed to study superconductors
starting from the description of their geometry and material properties. One
of them is THELMA, a thermal-electromagnetic coupled code jointly imple-
mented by Udine and Bologna Universities.
The aim of this thesis was to develop and validate a new geometrical model
able to reproduce in a realistic way the geometry of multi-stage superconduct-
ing cables with square or rectangular cross-section. In particular, for the model
validation, AC losses analyses have been carried out by modeling DEMO TF
rectangular conductors in order to calculate the coupling currents loss and
compare the numerical results with the experimental ones.

Chapter 2




When a new conductor is proposed for the realization of a superconducting
coil, it is mandatory to verify its properties by means of experimental analysis
which are useful to test its behavior in a real operating scenario. For the most
common cables used for the fusion reactor magnets, i.e. the CICCs, the pre-
diction of the conductor performances is hard because of the large amount of
parameters that characterize the conductor like the diameter, the number and
the strands type, the cabling scheme and the twist pitches of all the stages,
the void fraction and the final shape of the conductor. All these specifications
affect the mechanical and the electromagnetic behaviors. Therefore numerical
models have always played a fundamental role in supporting the development
of a new CICC, since the manufacturing process of a testing sample can be very
expensive as well as time-consuming. A validated model can help to predict
the right features that must be satisfy by a cable to ensure a safe operation.
At the basis of most of the numerical analyses, an accurate description of the
cable geometry and a verisimilar representation of the strands trajectories is
necessary. General purpose finite-elements software, that would require an
enormous number of mesh elements to describe a very complex geometry, are
not suitable. Thus, dedicated codes usually based on the generation of an
equivalent lumped or distributed electrical network derived directly from the
strands geometry and the materials properties have been implemented to bet-
ter analyze cables and magnets. The ideal approach to this problem could be a
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cable 3D structural analysis like the one adopted for the strands geometry de-
scription model shown in [30], which gives a very detailed cable geometry, but
at the same time it may be quite cumbersome and able to reproduce the geom-
etry of a single straight petal and not of the whole cable [31][32]. To achieve
a compromise between accuracy and applicability, a few heuristic geometrical
models based on an analytical approach have been adopted in numerical codes
which proved to be acceptable. In the original THELMA model developed for
the CICCs the geometries of both bundles and strands were built starting from
the cable axis, followed by the sub-cables axis, down to the strand axis. For
each cabling stage, the bundle or strand axis geometry was created considering
the axis as a helix wound around the axis of the following cabling stage [33].
Another code based on an analytical helical geometry is the one developed by
the University of Twente called JackPot.
These codes have often been used to model the geometry of CIC conductors
with circular cross-section, like ITER conductors, in order to analyzed the con-
tact resistances distribution, to simulate a quench scenario or to compute the
AC losses. However, questions may arise about the models applicability to a
cable with a rectangular or square shape, since the twisted bundles axes, at any
stage of cabling, do not follow an analytical helix trajectory. For this reason,
a new geometrical model has been developed for the THELMA code, which
is able to reproduce the geometry of multi-stage conductors that are com-
pacted down to a final rectangular cross section. This code implementation
arose from the great interest on flat shaped cables for the next fusion reactors
[34][6][35] because of their enhanced performances in terms of degradation with
electromagnetic loading or thermal cycles thanks to the lower electromagnetic
pressure over the superconducting strands [36][9][37].
In the present chapter, the THELMA geometrical models are presented and
the new geometrical model for rectangular multi-stage conductors is explained
in detail.
2.2 THELMA Geometrical Models
The procedure adopted by the THELMA code to model the geometry of
superconducting cables can be summarized into three main steps:
• the first one is the definition of the cable cross-section by which the
material and the geometrical properties of each strand are imposed and
more and more complex bundles are determined by grouping strands or
sub-bundle of lower stages according to the cabling scheme. In this step
the twist pitches and the void fractions are also defined;











Figure 2.1: Cable axis described as a function of sax by the local triad [5]
(courtesy of Giulio Manfreda).
• the second step is the definition of the cable axis geometry making use
of embedded primitives to describe e.g. rectilinear segments, helices,
circles or circle arcs. The reference unit vector uref,ax is used to set
the cable angular position around the cable axis and the unit vector
un,ax = uref,ax × ut,ax forms, together with uref,ax a local 2D triad used
to described the geometry of the cable cross-section. A local triad (ut,ax,
un,ax, uref,ax) is defined as a function of the curvilinear coordinate along
the cable axis sax , as shown in Figure 2.1;
• the third and last step is the computation of the strands geometry : start-
ing from the cable cross-section data, the trajectories of the strands can
be calculated according to one of three main models which aim the ge-
ometry of CIC conductors:
1. a pseudo-analytical model for circular bundles, referred to as PAG
model ;
2. the pseudo-structural model for bundle with generic cross-section,
referred to as PSG model ;
3. the analytical model for Rutherford bundles.
2.2.1 The pseudo-analytical model for multi-stage ca-
bles
The computation of each individual strand geometry for a CICC with cir-
cular cross-section was first implemented in the THELMA code on the basis
of the pseudo-analytical approach described in [33]. The cabling procedure
starts with the generation of helices around the cable axis corresponding to
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curvilinear coordinate sk−1 which is numerically computed.
Despite the reliability of this geometrical model already used in several pre-
vious studies, e.g. see [38], the need to reproduce the geometry of flat cables
with square or rectangular cross-section has led to the development of a new
geometrical model, giving also the opportunity to improve the aspect related
to the presence of geometric overlap between strands at any cable cross-section.
The absence of strands geometrical overlapping cannot be achieved with an an-
alytical or pseudo-analytical approach unless cables with very high, unrealistic
void fractions are to be considered.
2.3 The new pseudo-structural geometrical model
for rectangular multi-stage cables
The new geometrical model is based on the two main processes, namely
the cabling sequence and the compaction procedure, which mimic the manu-
facturing process adopted for a real cable. During the first phase, made of
several steps, the strands are twisted together to form bundles bigger and big-
ger thanks to the simulation of the the sub-bundles axes rotation. The strands,
that are discretized into a set of several longitudinal elements, start to being
wrapped together at one end of the cable making the progressively twisting up
to the other end of the current bundle possible. The second main process is the
compaction procedure which can be applied to the whole cable, at the end of
the cabling sequence, as well as to the bundles of intermediate stages, allowing
to wedge and shape the conductor if it is necessary. During this process, all
the strands are gradually pushed inwards and get closer and closer as an effect
of the compressive action of an external boundary. Both the cabling and the
compaction processes are based on an elastic model which is used to remove
the interferences between the strands. The overall model is widely applicable,
therefore it is possible to easily achieve strands verisimilar trajectories what-
ever the shape of the cable.
In this section, the new geometrical model and its two main processes are pre-
sented for a cable with a rectilinear axis. The procedure creates a straight
cable model, then the geometry of the cable strands is adapted to a general
cable axis geometry by applying this mapping transformation:
x∗ = x1ut,ax + x2un,ax + x3uref,ax + xa , (2.2)
where x = (x1, x2, x3) are the strand coordinates and xa is the cable axis point.
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2.3.2 Elastic model for the cable cross-section
To accurately describe the deformation and stress distribution among the
strands in the bundle cross-section, a complex non linear analysis of the inter-
strand contacts should be set-up. The Hertz contact theory could be a basis
for this analysis [39]. More sophisticated models can be obtained using f.e.m.
approaches [40]. However, since, in this case, the target of the analysis is the
reconstruction of the strands verisimilar geometry, along the cable, a linearized
contact model has been adopted, being the consequent approximation errors
secondary with respect to the other model approximations, like those made
about the strand stiffness.
To model the behavior of the strands in the bundle cross-section, each strand
is supposed to have a circular shape. Actually, in a real cable, the strand
cross-section in the cable cross-section is elliptical, due to the angle between
the strand and the cable axis. This is usually described through the cos θ
parameter. In the model, to take into account the cos θ value, the strand
radius is suitably slightly increased. In the transverse direction, the strands
are supposed to have a compression stiffness per unit of length K [N/m2]
computed as follow:
K = 2E , (2.4)
where E [N/m2] is the Young’s modulus. This is clearly an overestimation
of the actual stiffness, nevertheless, more accurate contact models could be
implemented, however with a remarkable increase of the computation burden.
An iterative approach is adopted to reduce the interferences between strands
occur when the sub-bundles come into contact. Wherever a geometrical in-
terference Cij [m] between the i-th and j-th strands takes place at the generic
coordinate x1 [m], the interstrand resulting elastic distributed forces Fi(x1)
and Fj(x1) [N/m] acting on the i-th and j-th strand are computed (see Figure
2.4):
Fi(x1) = −Fj(x1) = Fij(x1)uij , (2.5)

















j(x1) and di,j(x1) are respectively the two strands center posi-
tions and the distance between them in the plane orthogonal to the bundle

















Figure 2.6: Twisting of 1st stage - Triplet (a) and 2st stage - 3×3 bundle (b).
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Axes rotation
Each sub-bundle axis is discretized in several segments called work elements
that are progressively processed and twisted together with those of the other
axes thanks to the applied rotation. To start the cabling process the first work
element is created by linear interpolation between the first and the last point
of the corresponding axis by means of the following data:
• Coordinates of the first axes point (ρin, ϑin, x1,in);
• Coordinates of the last axes point (ρend, ϑend, x1,end);
• Current bundle desired twist pitch: pk;
• Cable axis length: Lcable.
The coordinates of the first axes point derived from cable cross-section defi-
nition, whereas ϑend and x1,end are set equal to ϑin and Lcable respectively in
order to obtain straight axes as initial configuration. ρend is suitable larger
than ρin, to mimic the effects of the cabling rotating drum. It is computed in





As in the real cabling process, the resulting twist pitch of the sub-bundles is
due to angle between the straight, not yet wound, part of the sub-bundles, and
the bundle axis. Larger angles lead to shorter twist pitches. When a new work
element has been created for each axis, the simulation of the cabling procedure
start: the strands/sub-bundles are twisted thanks to a gradual rotation applied
to the end point of the axes in the plane orthogonal to the bundle axis. This
sequence is repeated until the work elements come into contact, so new work
elements are assigned starting from the previous one, which are locked, and
then twisted together with the others (see Figure 2.8). For the first stage of
cabling, in which the work elements correspond to a segment of the strands,
the meant contact is the one between the axes, but, for higher order bundles,
the contact between strands of different sub-bundles is considered. In this
way, the current bundle is cabled by a step-by-step process during which, new
segments are created and twisted. Since the sub-bundles cross-section may
have any shape depending on the stage and the phase set, the rotation is not




















Figure 2.8: Sketch of the cabling sequence.
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where lwe is the work elements length, which is determined by the longitudi-
nal discretization of the cable, and rfact is the rotation damping factor used
to adapt the rotation to the current sub-bundles configuration. At each step
of cabling, the end point of the axes is moved forward along the cable axis to
keep constant the distance from the current work elements and the final points
until the whole bundle is twisted, so that the proper twisting pitch is preserved.
2.3.4 Compaction procedure
The new geometrical model provides also a procedure for the cable com-
paction which is applied after the cabling sequence completion, if necessary.
For each stage of cabling of the bundle, it is possible to shrink its boundary
until the final or an intermediate size and shape is reached, in order to obtain
a circular or a rectangular cross section:
• bundles of intermediate orders are usually pre-compacted to a circular
shape;
• the final bundle corresponding to the whole cable is compacted down to
the final circular or rectangular shape.
The rectangular compaction can be preceded by a circular one according to
the real cable manufacturing procedure.
The compaction procedure is based on the progressive shrinking of the bundle
external boundary until the final dimensions expressed in terms of minimum
and maximum coordinates are reached, as shown in Figure 2.9. The com-
paction process is completed when all the strands are contained between the
boundary final values which are set according to the void fraction of the current
bundle.
Boundary shrinking
The first step of the compaction procedure is to set a work temporary
boundary including all the uncompacted strands. The second iterated step is
to shrink the boundary: its sizes are gradually reduced by steps of a given
percentage of the minimum strand radius (see Figure 2.10). This bound-
ary shrinking usually gives rise to a new set of strand-boundary interferences,
with consequent elastic transverse force. As for the strand-strand contacts, the
model considers an elastic force Fi,bound(x1) acting on the i-th strands cross-
section at the coordinate x1 evaluated on the basis of the strand-boundary
interference size and the strand transversal stiffness Ki. This force is normal
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Single strand;
1st order bundle (inner crown);
2nd order bundle (inner + outer crowns);
Figure 2.12: 2D sketch of a multi-stage Rutherford cable layout.
2.4 New geometrical model improvement for
multi-stage Rutherford-like cables
The new geometrical model has also been adapted to make the strands
coordinates calculation possible also for cables with a Rutherford-like geom-
etry, i.e. planar cables arranged on two layers, in which transposed strands
are replaced by bundles. This cable layout for fusion application has been
adopted for instance in the RW prototype for the DEMO TF conductor [41],
in which each sub-cables is composed by two ”crowns” of strands which are
twisted around a central strand with a proper pitch (see Figure 2.12).
A first attempt to model this kind of cables has been made with the model
of Section 2.3. However, the final compaction procedure applied to the whole
conductor did not give satisfactory result. The cable cross-section at the end
of the last stage of cabling, i.e. before the final compaction down to the
rectangular shape, is shown in Figure 2.13: the sub-cables are arranged on a
cylindrical surface with a relatively large diameter compared to the one of the
single bundle. As a consequence of this, during the first part of the compaction
procedure, the strands are forced to move towards the cable middle plane, and
only in a later phase they would be actually compacted. Due to this, and to
the simplifying structural model, whole bundles tend to locally jump over the
others because of the high level of compaction. It must be noticed that similar
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Figure 2.13: Cable cross-section at the end of the last stage of cabling pro-
cedure. The dimensions of the desired final cable cross-section are also picked
up by the gray dashed area.
effect would occur during compaction in the real manufacturing process. This
is avoided thanks to a suitable inner mould in the cabling zone.
To model this kind of cables, a different strategy has therefore been adopted,
and the THELMA geometrical model previously developed for classic Ruther-
ford cables made up of two layers of strands, has been used in order to optimize
the modeling of multi-stage Rutherford-like cables. Both models are outlined
in the following two sections.
2.4.1 Rutherford Cable
The geometrical model dedicated to the computation of the strands axis
coordinates of a Rutherford cable was already developed for the THELMA
code, as described in detail in [5] and summarized here for clarity purposes. It
is an analytical based model built up by some geometrical parameters listed





















To calculate the coordinates of each strand along the cable axis, two models
can be used:
1. Piece-Wise linear model;
2. Smoothed model.
The first one is a preliminary simplified model that calculates the strands
trajectories by considering three different regions depending on the curvilinear
coordinate. Indeed, since in the cable cross-section the strands describe an
isosceles trapezoid (the blue line in Figure 2.14) because of the keystoning
angle α, one set of equations can be written for the strands crossing the largest
short-edge cable face, one for the strands laying on the long-edge cable face,
and another for the strands crossing the smallest short-edge cable face. In case
of a non-keystoned Rutherford cable, only two sets of equations are needed to
describe the two different regions, i.e. the short-edge and the long-edge cable
faces. However, the simplified model leads to discontinuities when the strand
moves from one region to the following one along the cable. For this reason, the
smoothed model was developed to remove the discontinuities through suitable
circle arcs.
2.4.2 Multi-stage Rutherford cable
The model outlined above has been combined with the new one described in
Section 2.3 in order to achieve the generation of a multi-stage Rutherford cable
geometry. All the bundles up to the last-but-one stage are prepared according
to the cabling sequence described in Section 2.3. When all the last-stage sub-
cables undles have been twisted, the Rutherford cable model is used to create
their axes in the final cable starting from the input geometrical parameters
of Table 2.1 (see Figure 2.15). The equivalent outer diameter of the bundles
is considered to set the pre-compaction geometry, as shown in Figure 2.16.
Once that the axes have been analytically generated, the coordinates of each
strand previously referred to the subcable reference frame, are then referred
to the cable main reference frame. At the end, the compaction procedure is
applied to the whole cable to achieve the final cross-section sizes as described
in Section 2.3.4.





Figure 2.15: 3D sketch of the new sub-bundle axes created for the last stage
of cabling of a multi-stage Rutherford cable.
x3
x2
Figure 2.16: Cross-section of the new sub-bundle axes created for the last
stage of cabling of a multi-stage Rutherford cable. For each axis, the equivalent




In a superconducting cable, even if it is generally possible to consider the
longitudinal resistance of the strands as null, the transverse resistance expe-
rienced from the current transfer from one strand to the neighboring one is
not negligible. These resistances, called inter-strand, represent the effect of
the contact between different strands which have been twisted together and
compacted. The inter-strand resistances play a key role regarding the su-
perconducting cables behavior: large values are underside since, in case of
a localized electromagnetic disturbance, they do not allow the current redis-
tribution among the strands; on the other hand, too low values of contact
resistances are also unwanted since they facilitate the induced currents due to
a variable regime, leading to significant coupling loss dissipated inside the con-
ductor which may negatively influence the cable thermal stability [42][43][44].
Several factors may affect the inter-strand resistances, such as the actual con-
tact area which depends on the geometry and the applied load [45], or the
presence of resistive barrier on the strand surface of the strand due to a thin
oxide layer [46] or an external coating [47] suitably adjusted to better control
the distribution of the resistances. Sometimes, for the same purpose, a resistive
stainless steel strip is also interposed between the two layers of a Rutherford
cable or, in case of a CIC conductor, is wrapped around the petals.
3.1.1 Multi-stage conductors
The complexity and the randomness of the strands geometry due to the
arbitrary angular positions of the strands in a multi-stage cable bundles, and
to the cabling process uncertainties, does not allow the employment of feasi-
ble theoretical models to describe a priori the contact resistances distribution
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inside the conductor. Nevertheless, this aspect strongly influences the cable
stability and the energy dissipation inside the conductor by the current redis-
tribution and the induced current loops formation. For this reason, dedicated
measurements are usually carried out on cable samples to analyze the inter-
strand resistances. These tests are performed by specific devices, e.g. the
Twente Cryogenic Press [48], in which pairs of strands chosen among all the
cabling stages are fed in turn, starting from two strands of the same triplet
up to couples of strands belonging to different petals. If necessary, the ca-
ble is mechanically loaded with a transverse compression. For each pair of
strands, if v is the measured voltage [V] and I the measured current [A], then





where L is the sample axial length that should be not less than the twist pitch
of the last stage of cabling.
Typical values of rc are in rage from 1 to some hundreds of nΩm according to
the cabling stage but, given the strand layout and the geometry of the cable,
they strongly depend on the applied force and mechanical cycling load. Even
if rc tends to decrease with the applied load because of the pressure undergoes
by the strands that improves the contacts, for a given load, it saturates after
thousand of cycles [49][44][50]. Usually, the resistances measured between two
strands of the same petal are referred to as intra-petal resistances per unit
length rc,intra [Ωm], whereas two strands belonging to different petals are in
contact through the so called inter-petal resistances per unit length rc,inter
[Ωm].
3.2 Inter-Strand Resistances in the THELMA
Code
The THELMA code is able to simulate the contact resistances measurement
by means of the linear lumped network model developed by the University of
Udine, referred to as Udine EM Module, which describe superconducting ca-
bles, joints and terminations in conditions far from the critical surface (J<<Jc,
B<<Bc, T<<Tc). The inter-strand contact model is also utilized, according
to which the strand resistivity parameters have to be assigned. Both the Udine
EM and the contact models are described in the following sections.
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Figure 3.1: Equivalent macrostrands obtained starting from a bundle of
strands.
3.2.1 Udine EM model
The electromagnetic model generates the equivalent network of the strands
once that the cable geometry has been created, as described in detail in [33]. To
simplify the system by reducing the number of unknowns, cable bundles can
also be grouped in equivalent macrostrands/cable elements (CEs) as shown
in Figure 3.1. The axis geometry of each macrostrand is computed as the
barycentric line of all the strands represented by the macrostrand. The Nce
strands/macrostrands of the conductor are discretized into a suitable number
of longitudinal elements Nem, each characterized by a value of current. In each
longitudinal elements the current density is supposed uniform. In the equiva-
lent network, the superconducting strands are modeled in a different way with
respect to the resistive ones, i.e. copper strands: purely inductive components
are used to represent the superconducting elements, whereas a non-negligible
longitudinal resistance is also added to the resistive segments. In this way, it is
possible to generate a linear inductive network N-ports by computing the self
and mutual inductance coefficients through an integral method based on the
cable element geometry. Moreover, several additional components have been
implemented in the code that may be considered in the network, e.g. current
or voltage sources. As an example, Figure 3.2 shows a part of an equivalent
network composed of four longitudinal elements.
The network is solved in the time domain thanks to the modified node analysis
(MNA) method in which the unknowns are:
• all the node potentials, but one whose potential value is assigned;
• all the currents in the ports of the current-driven components.
If the Kirchhoff’s laws and the component voltage-current characteristics are































Figure 3.2: Detail of an equivalent electrical network with four longitudinal
elements of two superconducting strands (in blue) and one resistive strand (in
red). The contact resistances (in green) are also drawn.
where A and B are the branch and nodal incidences matrices, R and G are
the matrices of the self and mutual resistances respectively, E and J are the
arrays of the known impressed e.m.f.s and currents and V and I are the arrays
of unknown potentials and currents. To conclude, M is the matrix of the self
and mutual inductances and C is the matrix of the capacitances which is not
considered in this type of analysis (C = 0).
Since (3.2) is an algebraic-differential system with state variables or simple un-
known quantities, the system can be rewritten by organizing the equations and




































where XS is the array of the sorted unknowns, YS is the array of the sorted
known terms, FS and DS are the sorted matrices. The first sub-subscript is
“a” for the algebraic equations and “d” for the differential ones, whereas the
second sub-subscript is “d” for the unknown state variables and “a” for the
other case. If XSa is derived from the algebraic equations and replaced in the















The system matrices are constant with time because of the equations linearity.
The LU matrix factorization can be used to invert DSaa and FSdd to improve
the solution efficiency. To numerically solve the system of ordinary differential
equations, a suitable Runge-Kutta method is then applied.
The MNA approach is very efficient when dealing with networks made of
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voltage-controlled components, since all the contacts can be represented also
in terms of contact conductances, as for the steady-state analysis presented in
Section 3.3. In the end, the MNA is also very efficient when the THELMA
equivalent thermal network is analyzed, in which the temperatures correspond
to node potentials [51]. Presently, the modified loop analysis method is going
to be implemented in the code to study networks in which both voltage and
current controlled components are present.
3.2.2 Contact model
To compute the inter-strand resistances, the vertical ones in Figure 3.2, a
contact model must be chosen. The original contact model already developed
for the THELMA code is based on two strand parameters and an additional
one [33]:
• the strand spot contact resistance Rsst [Ω] used for occasional spot-like
contacts along the cable axis, as it is e.g. for couples of strands of different
bundles;
• the strand distributed contact resistance rdst [Ωm] used for contacts that
are supposed to be uniform along the cable axis, like the contact between
two strands of the same triplet;
• the stainless steel spot additional contact resistance RsSSa [Ω] used to
account for the possible contribution of the petal wrapping.
This model, referred to as (0D+1D) model, has been validated [33] and used for
several analyses and showed a good capability to reproduce the experimental
results [38][52]. However, the new cable model described in Section 2.3.4,
that represents the inter-strands geometrical contact in a more realistic way,
avoiding strands overlapping, gave the opportunity to implement a new inter-
strand contact model, referred to as 2D model, based on 2D contacts. With
this model, it is now possible to estimate the local width w of the area of
each contact (see Figure 3.3): generally, when two strands are in contact, the
contact width is not uniform, having the contact surface an almost elliptical
shape [39], and, if the two strands are quasi parallel, i.e. the angle between
the incident strands is small, the contact surface length is comparable or even
much longer than the strands diameters. In these conditions the contact width
is a function of the curvilinear coordinate s along the strands, and a variable
contact resistance per unit length ϱc/w(s) is considered, so that the overall
contact resistance per unit length rc,2D [Ωm] computed with the 2D model can




Figure 3.3: Detailed view of the interstrand contact cross-section, showing









2] is the new strand 2D contact resistivity parameter. As shown in
Figure 3.3, the contact width is computed directly from the distance d between
the strands centres, assuming circular strands cross-sections and neglecting any
strand radius change. The following relation is considered:
w =
√
D20 − d2 , (3.6)
where D0 is the strands original diameter. With this contact model, if two
strands are simply in touch with a negligible interferences, the contact would
not be taken into account. In fact, for w ≈ 0 it follows that rc,2D → ∞, but,
actually, an electric contact with a finite rc,2D can be present as well albeit with
much higher resistance. For this reason, a minimum width w0 value has been
introduced as a model parameter in order not to neglect minor contacts and
also to represent, in a very rough way, possible non linearities of the contact
conductances with the width. As for the old (0D+1D) model, an additional
stainless steel resistivity ρc,steel [Ωm
2] has been defined in the 2D model as a
parameter, to be used when stainless steel petal wraps or strip are present in
the cable.
Once that the model parameters have been set, a specific routine calculates
the location of the contacts, the length and the width of the contacts surface
by considering the distance between one strand and all the others along all the
cable axis.










Figure 3.4: Sketch of a simplified network used to model the inter-strand
resistance measurement. The current generator, the contact conductance Gcont
and the longitudinal conductances GCu of the copper strands are shown.
3.3 Numerical Analysis of Inter-Strand Resis-
tances
Thanks to the Udine EM model and the inter-strand contact models, the
measurement of contact resistances can be simulated with the THELMA code:
the equivalent network is indeed completed with the installation of a current
generator to the ith and jth superconducting strands of interest, as shown in
Figure 3.4, and then the system of equations (3.2) is solved. To simplify the
system, the superconducting strands are considered as zero longitudinal resis-
tance elements so that all the nodes of a single strand can be merged together
resulting in one potential for each strand. This can be done since a steady state
analysis is considered, i.e. no inductances are involved. Moreover, to strongly
improve the solution efficiency, all the network resistive components have been
represented in terms of conductances, i.e. voltage controlled components, so
that the modified nodal approach can be adopted without unnecessary increas-
ing the set of unknowns with the resistor currents. In this way a symmetric
system matrix can be obtained, so that iterative methods like BiCGStab [53]
can be used. In the following sections, the contact resistances distributions
of two cable prototype which have been proposed for the DEMO TF coil are
analyzed. The samples geometry has been modeled with the new geometrical
model and the inter-strands resistances have been computed by considering
the new 2D contact model.
3.3.1 Contact resistances analysis: DEMO - WR WP2
One of the cables proposed for the DEMO toroidal field coils is presently
being developed by ENEA [54][34]. It is the Winding Pack 2 (WP2) conductor
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Table 3.1: Main geometrical parameters of the WR WP2 [34].
Parameter Value
Operating current [kA] 81.7
Effective magnetic field [T] 13
N. of SC strands 1080
N. of Cu strands 132
SC strand diameter [mm] 1.0
Cu strand diameter [mm] 1.5
Type-I petal layout 1SC×3×3×4×(5 + Core1)
Type-II petal layout 1SC×3×3×4×(5 + spiral)
Core1 layout 1Cu×3×4
Core2 layout 1Cu×3×4×(6 + Core1)
Cable layout (4 type-I petals + 2 type-II petals) around Core2
Cable twist pitches [mm] 103/135/175/227/690
Core1: 102/180
Core2: 102/180/240
Cable external dimension [mm2] 38.8 × 80.6
Spiral outer diameter [mm] 6.6
Spiral inner diameter [mm] 4.6
Void fraction in bundle 24.6%
based on the Wind&React (WR) technique. It consists of a CIC conductor
with rectangular cross-section, designed to operate at 82 kA in a magnetic
field of about 13 T and with a current sharing temperature Tcs > 6.5 K. The
main difference between the WP2 and the ITER cables is not only the shape,
being rectangular instead of circular, but also the strand type and the cable
layout. The superconducting Nb3Sn strands, produced by the Chinese com-
pany Western Superconducting Technologies (WST) according to the internal
tin process [55], have a diameter of 1.0 mm and Cu:nonCu ratio equal to 1.
As described in Table 3.1, the cable is composed of 6 petals cabled together
around a central core made of copper strands with a diameter of 1.5 mm and
high value of RRR (>100) supplied by Luvata. Since forced Liquid-He flow
as a coolant is adopted, two petals are formed by sub-petals wound around
a central steel spiral that constitutes a cooling channels, whereas the other
four contain a central core made of segregated copper strands. In order to
guarantee a regular distribution of strands in the cable cross-section, in spite
of the compaction down to a rectangular shape, a long twist pitch criteria
has been chosen [56] [57], instead of the short twist pitch one adopted for the
ITER Central Solenoid cable-in-conduit conductors [58] [59]. Moreover, petal
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Table 3.2: Strands couples combination for the contact resistances measure-
ment of the WR WP2 [34].
Combination Configuration
1) Rst1 Strands from the same triplet;
2) Rst2 Strands from the same 3×3 bundle;
3) Rst3 Strands from the same 3×3×4 bundle;
4) Rst4,a Strands from the same 3×3×4×5 bundle, adjacent;
5) Rst4,na Strands from the same 3×3×4×5 bundle, not adjacent;
6) Rst5,P2 Strands from Petal 1 - Petal 2;
7) Rst5,P3 Strands from Petal 1 - Petal 3;
8) Rst5,P4 Strands from Petal 1 - Petal 4;
9) Rst5,P5 Strands from Petal 1 - Petal 5;


















































Figure 3.6: WR WP2 inter-strand contact resistances measured in virgin
condition by the University of Twente (Courtesy of A. Nijhuis).
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Figure 3.7: 3D sketch of the WR WP2 cable model.
that are generated as a random array Θ. The cooling channels have been
modeled with bundles made of strands with high longitudinal and inter-strand
contact resistivity. 3D view of one modeled sample geometry is shown in Fig-
ure 3.7, whereas a cable cross-section is reported in Figure 3.8. The aim of
this study is therefore not only to try to reproduce the experimental results
by means of a suitable tuning of the model parameters ϱc and w0 (see Section
3.2.2), but also to investigate the model and the experimental results sensi-
tivity to the strands initial phases. Only five samples have been considered
because of the quite demanding and time-consuming simulations for the ca-
ble geometry modeling. For more detailed investigations of the effect of the
strands initial phases, a statistical approach such that described in [52] could
be used, which requires a much more numerous of different phase sets to be
considered. For each sample, the same set of couples of strands is selected
according to the measurement combination of Table 3.2.
A preliminary value of the minimum contact width was set as w0 = 0.2D0,
where D0 is the strand diameter, so that the only free parameter of the model
was ϱc [Ωm
2]. Anyway an analysis of the effect of w0 was carried out, as
explained below. In particular, the best fit for this analysis is obtained by
imposing ϱc = 8.5·10−13 Ωm2 to all the strands, i.e. both the superconducting
and resistive ones since their surface coating is the same. The mean values
of resistances computed with the five samples are plotted and compared with
the experimental ones in Figure 3.9. To investigate on the influence of the pa-
rameter w0, the resistances have been also calculated by setting w0 = 0.0, i.e.
considering only the contacts between geometrically intersecting strands are
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Figure 3.8: WR WP2 cross-section. The blue strands represent the cooling



















































Figure 3.9: WR WP2 contact resistances in virgin condition: comparison
between the measured ones and the mean ones computed with the THELMA
code by considering a number of 5 samples modeled with different initial an-
gular phases. The line is a guide for the eye.


















































Computed (THELMA) w0 = 0.0
Computed (THELMA) w0 = 0.2D0
Computed (THELMA) w0 = 0.5D0
Figure 3.10: WR WP2 contact resistances in virgin condition: comparison
between the measured ones and the mean ones computed with the THELMA
code by considering a number of 5 samples modeled with different initial an-
gular phases. The numerical results have been obtained with three different
values of w0.
considered, and w0 = 0.5D0: as can be seen in Figure 3.10, the overall trend of
the resistances distribution does not change significantly, although it increases
or decreases inversely with w0 because of a smaller or larger minimum contact
surface considered.
3.3.2 Contact resistances analysis: DEMO - RW1 WP1
Another cable that has been proposed for the DEMO toroidal field coils is
the Winding Pack 1 (WP1). It is being developed by the Superconductivity
Group of the Swiss Plasma Center (SPC) and, differently from the WR WP2,
it is based on the React&Wind technology. Since this conductor is described
in Chapter 5, only the main characteristics of its geometric layout are given
here. It is a multi-stage Rutherford-like cable made of 17 sub-cables referred
here as petals, since represent the sub-bundles of the last stage of cabling.
The Nb3Sn superconducting strands are produced by WST with the internal
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Table 3.4: Strands couples combination for the contact resistances measure-
ment of the RW1 WP1 [7].
Combination Configuration
1) Rst1,a Strands from inner crown, adjacent;
2) Rst1,na Strands from inner crown, not adjacent;
3) Rst1,o Strands from inner crown, opposite;
4) Rst2 Strands from outer crown;
5) Rst3,P2 Strands from Petal 1 - Petal 2;
6) Rst3,P3 Strands from Petal 1 - Petal 3;
7) Rst3,P5 Strands from Petal 1 - Petal 5;
8) Rst3,P7 Strands from Petal 1 - Petal 7;
9) Rst3,P8 Strands from Petal 1 - Petal 8;
10) Rst3,P9 Strands from Petal 1 - Petal 9.
Contact resistances measurements
The inter-strand resistances measurements of the RW1 WP1 were also car-
ried out in the Twente Press by researches from the University of Twente [7].
The measurements conditions were the same ones adopted for the WR WP2,
so a 400 mm long sample was prepared and tested at 4.2 K in liquid He bath,
without background magnetic field. Since the cabling layout is different from
the CICC proposed by ENEA, the combinations of strands considered for the
resistance measurement was different, as visible in Figure 2 of [6] and reported
here in Table 3.4. In this case, the first 4 strands combinations correspond to
the intra-petal rc,intra, whereas the last 6 combinations refer to the inter-petal
rc,inter. The values of contact resistances measured with the sample in virgin
condition are reported in Figure 3.12. Two remarks can be made:
• The intra-petal resistances measured on RW sample are lower than those
measured on the WR sample: the minor number of strands and cabling
stages probably result in a more regular strands distribution along the
cable axis, so the strands tend to remain closer to each other;
• the inter-petal resistances measured on RW sample are higher than those
measured on the WR sample: this is due to the presence of the central
stainless steel strip; the WR sample is indeed characterized by no petal
wraps.





















































Figure 3.12: RW1 WP1 inter-strand contact resistances measured in virgin
condition by the University of Twente [7].
Numerical analysis results
For the RW1 WP1 contact resistances analysis, ten samples 400 mm long
have been modeled by considering ten phase sets. 3D view of the cable model
geometry is shown in Figure 3.13, whereas a cable cross-section is drawn n Fig-
ure 3.14. Since the superconducting strands used for both the RW and WR
conductor have the same layout except for the outer diameters, it is reasonable
to expect the strand 2D resistivity parameters to be about the same for both
the samples. For this reason, the starting value adopted for the inter-strand
resistances calculation was ϱc = 8.5·10−13 Ωm2, with a minimum contact width
set equal to 0.2D0 again. In this case, to simulate the presence of the central
strip, an additional resistance is therefore assigned to the strands that are
positioned on the two different layers of the cable, according to the model pa-
rameter ρc,steel. For the present analysis, the stainless steel resistivity was set
as ρc,steel = 1.0·10−9 Ωm2. The mean values of contact resistances computed
from all the samples with the THELMA code are plotted in Figure 3.15 and
compared with the measured ones.
The intra-petal resistances obtained with the THELMA code and the new con-
tact model are in a very good agreement with the experimental ones, whereas
the computed inter-petal resistances are quite lower than the measured ones.
This result is probably attributable to the pronounced anisotropy of the con-
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Figure 3.13: 3D view of a part of the RW1 WP1 cable model.
Figure 3.14: RW1 WP1 cross-section. The orange strands correspond to the
copper strands.






















































Figure 3.15: RW1 WP1 contact resistances in virgin condition: compari-
son between the measured ones [7] and the mean ones computed with the
THELMA code by considering a number of 10 samples modeled with different
initial angular phases. The line is a guide for the eye.


























































Figure 3.16: RW1 WP1 contact resistances in virgin condition: comparison
between the measured ones [7] and the ones computed with the THELMA code
by considering a number of 10 samples modeled with different initial angular
phases. The line is a guide for the eye.
ductor that strongly increase the dependence of the inter-petal resistances on
the strands initial angular phase. In fact, the standard deviation of the mean
computed values of rc,intra is small since the strands of the same 2
nd order bun-
dles have a regular distribution along the cable length, whatever the initial
positions. Instead, the arrangement of the petals strongly affects the final re-
sulting rc,inter, as visible in Figure 3.16 where two angular phases out 10 reach
values of inter-petal resistances that are close to the experimental ones. This






The energy dissipation in superconducting cables due to the presence of an
external time-varying magnetic field may results in a loss of stability in the
coils of a Tokamak reactor. The conductors are exposed to the pulsed mode
operation of the Central Solenoid and the Poloidal Field coils, but also to tran-
sient situations like the ramp up and ramp down phases of the Toroidal Field
coils during which the AC losses are concentrated. In a multi-stage conductor,
the coupling currents loss constitutes a crucial term of the AC losses, which
also include the hysteresis loss related to the magnetization produced by the
screening currents, and the pure eddy currents loss induced in the copper sta-
bilizer. In particular, the inter-strand loss are predominant compared to the
inter-filament one since the current is forced to cross the resistance attributable
to the contact between the strands involved, in addition to the resistive matrix
of the strands. Moreover, the inter-strand coupling current loops are linked
to a greater volume fraction of the cable then the ones induced between the
superconducting filaments inside a single strand. At very low frequencies, i.e
with full penetration of the applied field, the hysteresis loss is constant [27]
whereas the coupling loss per volume of strands per cycle is proportional to






where n is the shape factor, defined as n = 1/(1−D) with D demagnetization
factor [61], and τ [s] is the decay time constant of the induced coupling currents.
It can be shown that, for a round multifilamentary strand in a perpendicular
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where tp is the twist pitch and ρ⊥ is the electrical resistivity in the transverse
direction [62]. Unfortunately, this is not the case of a whole cable, where a
large number of loops are present which give rise to a set of time constants.
The most common method to calculate the coupling currents loss of magnets
operating at low ramp rates is therefore to experimentally deduce the effective






Broadly speaking, at low frequencies it is possible to identify the main niτi for
each stage of cabling i, and by combining all of them, the characteristic one





where nst is the number of stages. However, this is valid under simplifying
assumptions quite far from the real case. Several factors indeed influence the
nτ value, such as the strands and cable layout, the twist pitches, the void
fraction and the shape of the conductor. Nevertheless, it is a paramount fea-
ture to be investigated since it gives the possibility to predict the behavior of
each conductor in the presence of an external variable magnetic field with a
specific change rate [T/s]. Analytical models based on theoretical basics can
hardly predict the mechanism of coupling loss affecting multi-stage conductors
of composite strands. Few number of cabling stages can be done considering,
up to 2 [64], whereas, for more accurate analysis, semi-analytical or numerical
calculations based codes are needed [65] [66] [67][68].
In this chapter, the old version of the THELMA electromagnetic module im-
plemented by the University of Bologna, referred to as Bologna EM module, for
the computation of the current distribution among the cable strands is sum-
marized [69], and the numerical analysis about the coupling loss performed
with the WR WP2 prototype conductor for the DEMO TF coils in order to
validate the new geometrical model for flat cables is presented.
4.2 Bologna EM Module description
The Bologna EM module is a 3D model based on a non-linear distributed
parameter network approach. The model equations, reported in detail in [69],
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are derived from the Magneto-Quasi-Static formulation of the Maxwell equa-
tions, supposing that no magnetizable materials are present. The problem
unknowns are the currents and the voltages in all the cable elements (CEs). In
this model, the currents are assumed uniformly distributed in the cross section
of a given CE. The following equations are hence considered:
E = −∇V − ∂A
∂t
, (4.5)
∇ · J = 0 . (4.6)
If the difference of currents ik(s, t) given as a function of time t by the deviation
of current Ik(s, t) flowing in the k
th CE at the curvilinear coordinate s from
an uniform current distribution among all the Nst strands is defined:




where Nk is the number of strands represented by the k
th CE and I(t) is the
total transport current, these two sets of equations can be hold:
∂Vk
∂s












































with k = 1, . . . , Nce. Equations (4.8) represent the longitudinal variation of
the voltage along the axis line of a CE, and it derives from four terms of the
voltage drop:
1. electric field: Ek is evaluated from the current density through appropri-
ate constitutive relations, depending on the local temperature, magnetic
induction and applied strain. The other normal materials that compose
the strands are supposed in parallel with the superconducting one;
2. voltages induced by time variations of the self field generated by the
transport current I(t) flowing along the whole cable;
54 Coupling loss modeling
3. mutual inductive coupling of each CE with the βth external coil eventu-
ally present;
4. mutual inductive coupling (relative to the current imbalance) between
different cable elements.
Equations (4.9) derived from (4.6), represent the kth CE current changes due
to the distributed contacts with the other CEs, and it is expressed by the
integral of the electric field along a line connecting two different CEs center.
In particular, it accounts for:
1. the difference between the two voltages at the ends of the line;
2. the voltages induced by variation of the self magnetic field generated by
the conductor, and the variation of the magnetic fields generated by the
external coils.
The transversal per unit length conductance σki [S/m] between the k
th and the
ith CEs is computed directly from the strands geometry by means of the contact
model and the Udine EM module described in Section 3.2. As regards the per






′), a detailed derivation is given in [69]. Finally, with some
suitable algebraic arrangements, the 2Nce number of equations and unknowns
of the complete system made of equations (4.8) and (4.9) can be reduced to
Nce − 1, corresponding to the difference currents in all CEs but the last.
The Bologna EM module is used to compute the coupling currents loss in the
following sections.
4.3 Preliminary study: coupling loss compu-
tation in the PITSAM1 conductor
Before starting to analyze the coupling loss with the two W&R and R&W
DEMO TF prototype conductors, a preliminary study has been done with a
relatively small superconducting cable with rectangular cross-section in order
to assess the relation between the parameters of new geometrical model used
to reproduce the strands geometry and the Bologna EM module. For this rea-
son, the PITSAM1 conductor designed for the EFDA dipole magnet [9] has
been taken into account as first test benchmark because of its simple layout
in terms of number of strands and final dimensions compared to the WP1 and
WP2 cables. Indeed, it is a flat cable-in-conduit conductor consisted of only
144 superconducting strands which are first twisted together by means of four
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Table 4.1: PITSAM1 Main properties of the cable.
Parameter Value
Num. Sc strands 144
Num. Cu strands 0
Cu/nonCu 1
SC strand diam. [mm] 0.81
Final cable layout 3× 3× 4× 4
Twist pitches [mm] 58/95/139/213
CICC inner dim. [mm] 17.9× 6.3
Void fraction [%] 30
stages of cabling and then compacted down to the design void fraction of 30%
(see Table 4.1).
The geometry of a one meter long sample has been modeled with the new
THELMA geometrical model, and the AC loss due to the inter-strand cou-
pling currents have been computed in order to compare the numerical results
with the experimental ones measured by the Superconductivity Group of the
Swiss Plasma Center at the SULTAN test facility in Villigen (CH) [70], as
reported in [9]. For this preliminary analysis, the strand 2D contact resistivity
is considered as a fitting parameter used to match the experimental AC losses
curve, since no contact resistances measurements have been carried out for this
conductor.
4.3.1 Model description
Two different discretizations have been considered for the modeling of the
PITSAM1 cross-section. The first one is composed of 144 CEs corresponding
to the whole detailed cable model, whereas a second simplified discretization
made of 16 CEs equivalent macrostrands each corresponding to the 3×3 SC
bundle has been also taken into account. The macrostrands geometry and con-
tact resistances are computed on the basis of the represented strands starting
from the detailed cable geometry, and the material is modeled as an homo-
geneous medium whose properties are calculated through a weighted mean of
copper and superconductor fractions according to the Cu/nonCu ratio λ. 3D
views of both the detailed and the simplified PITSAM1 geometrical models
are reported in Figure 4.1 and 4.2 respectively. The final cross-section of the
cable after the final compaction is shown in Figure 4.3. As regards the lon-
gitudinal discretization of the sample, each strand is divided into a number of
200 elements along its axis, resulting in 42 elements for maximum twist pitch.
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Figure 4.1: 3D view of the PITSAM1 complete geometrical model made of
144 superconducting strands.
Figure 4.2: 3D view of the PITSAM1 simplified geometrical model made of
16 CEs [8].
Figure 4.3: Final cable cross-section modeled with THELMA.
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Table 4.2: Durham scaling law parameters for the PITSAM1 strands.
p q n ν w u ϵM
[-] [-] [-] [-] [-] [-] [%]
1.0404 2.919 2.500 1.500 2.200 0 0.0722
A(0) T ∗C(0) B
∗
C2(0, 0) c2 c3 c4
[A m−2 T3−n K−2] [K] [T] [-] [-] [-]
1.493·108 16.90 30.20 -0.6362 -0.4346 -0.0578















Figure 4.4: Sketch of the Sultan coils modeled with the THELMA code.
The strand/macrostrand critical current density is modeled with the Durham
scaling law [3] by considering the fit parameters summarized in Table 4.2 [71].
To compare the computed and the experimental results, both the DC and
AC coils of the SULTAN facility are modeled and the magnetic flux density
generated by them is taken into account together with the self field of the
cable under testing. An illustrative cross-section of SULTAN coils is drawn in
Figure 4.4. The samples tested in SULTAN usually consist in two conductors,
the so called left and right legs, with a bottom joint or a U-bend at one end
[70]. For this case study, the only left leg conductor is modeled. To repro-
duce the testing conditions, a DC background field of 2 T and a sinusoidal
AC field of amplitude 0.3 T with a direction perpendicular to the wide side
of the rectangular cross-section is imposed, as shown in left side of Figure 4.5.
Indeed, in a flat conductor, the coupling loss is strongly influenced by the ori-
entation of the external field as well as the aspect ratio [72] since, unlike the











Figure 4.5: Detailed view of the Sultan saddle coils. Left: external AC field
perpendicular to the wide side of the sample. Right: external AC field parallel
to the wide side of the sample;
ITER circular CICCs, the cable surface exposed to the field changes with the
field orientation. The experimental AC losses obtained with the virgin sample
are considered as target for this first numerical analysis carried out with the
THELMA code (see Figure 7 in [9]).
4.3.2 Numerical results
A first set of simulations has been run with the 16 CEs model for a faster
calibration of the strand 2D resistivity parameter needed to compute the inter-
strand contact resistances. Considering the frequency range of interest from
0.2 to 3 Hz, the best match between the experimental and the numerical results
is obtained with ϱc = 8.4·10−13 Ωm2, whereas the minimum contact width has
been set equal to 0.2D0, as for the DEMO TF prototypes case. Finally, the
same value of ϱc [Ωm
2] has been adopted to compute the coupling loss with
the complete 144 CEs model. Since the measured data refer to the total AC
losses, an offset of 70 kJ/m3 is added to the numerical results to take into
account the contribution of the hysteresis loss that is not modeled in the old
version of the Bologna EM module. This value was determined by the lin-
ear extrapolation of the measured total AC losses towards zero frequency [9].
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Figure 4.6: AC losses density per cycle versus frequency of the PITSAM1
conductor: comparison between the experimental data [9] and the THELMA
numerical results.
The computed losses are first normalized per volume of conductor assumed
as the SULTAN bore high field zone length (∼380 mm) multiplied by strands
number and cross-section, and then plotted together with the measured ones
in Figure 4.6. The agreement is very good in the low frequency range, i.e.
where the coupling loss time constant nτ [s] is derived by means of equations
(4.3). In particular, the numerical results give nτ = 103 s, whereas nτ = 100
s was found with the AC losses test [9]. At high frequencies, where the cou-
pling loss linearity vanishes, the THELMA code gives losses which are ∼25%
higher than the experimental ones. Generally, the AC losses behavior at high
frequencies is of difficult understanding because of the screening effect [73].
From the physical point of view, the addition of the hysteresis loss as a fixed
value to the numerical results is correct only in the low frequency range. In
fact, at higher frequencies, both the inner superconducting filaments and the
strands located inside the cable tend to be shielded because of the screening
current effect that leads to a reduction of the magnetization and hence of the
hysteresis loss [29][27][60]. On the other hand, the discrepancy is too large to
be attributable to the demagnetization of the superconducting filaments so,
further investigation has been made. Three more samples have been modeled
with three different initial strands phases generated as a random array Θ. For
each sample, two longitudinal discretizations are considered for the modeling
of the strands geometry, referred to as N200em and N
400
em , composed by a number
of 200 and 400 elements respectively. For all these samples, the same value of
strand 2D resistivity is used to compute the inter-strand contact resistances,
i.e. ϱc = 8.4·10−13 Ωm2, and, to save computational time, the 16 CEs simpli-
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AC test in SULTAN
16 CEs - Θ1
16 CEs - Θ2
16 CEs - Θ3
16 CEs - Θ4







Figure 4.7: PITSAM1 total losses density per cycle: comparison between the
experimental data [9] and the THELMA numerical results obtained with the
16CEs simplified model and the N200em discretization. Four different phase sets
are considered.
fied cable model is adopted to calculate the coupling currents loss. As above,
the hysteresis loss contribution is added. The numerical results of the N200em and
N400em discretizations are plotted in Figure 4.7 and 4.8 respectively. As it can
be noticed, in both cases, the results obtained at magnetic field frequencies
lower than 1 Hz are in good agreement with the measured values whatever the
phase array. On the other side, at higher frequencies, the N400em discretization
gives coupling losses that are lower than the N200em one, even if the effect of the
initial positions is more pronounced.
This preliminary analysis is encouraging since in the low frequency range,
where no screening effect occurs and the cable time constant nτ can be extrap-
olated, the results of the coupling loss simulations are quite stable for any case
study. Differently, at higher frequencies, a denser longitudinal discretization
of the strands is recommended to improve the matching of the experimental
data. Finally, the detailed 144CEs geometrical model gives better results than
the 16CEs simplified one at low frequencies, if the same value of 2D contact
resistivity in considered.
To investigate the nτ dependence on the external field orientation, the cur-
rents coupling loss has been also computed with an AC field parallel to the
wide side of sample. Since there are no other experimental data about AC
losses measurements with the PITSAM1 sample, some qualitative results are
just given and discussed. To simulate this test scenario, one 16CEs PITSAM1
sample (Θ = Θ1) has been rotated around its axis by 90
◦ inside the SULTAN
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Figure 4.8: PITSAM1 total losses density per cycle: comparison between the
experimental data [9] and the THELMA numerical results obtained with the
16CEs simplified model and the N400em discretization. Four different phase sets
are considered.
bore modeled with THELMA, in order to switch from a perpendicular to a
parallel configuration of the AC applied field, as shown in the right side of
Figure 4.5. The strand 2D resistivity value is the same as in the previous case
for both the field configurations. The frequency range considered is from 0.2
to 1 Hz. The numerical results obtained with THELMA are shown in Figure
4.9. The dependence of the AC loss with the orientation of the external field
was analyzed in [61] and the following relation was proposed for a rectangular







where a is the wide side of the conductor and b the short one. Starting from
the (nτ)90 and (nτ)0 values calculate from the loss curves reported in Figure
4.9 referred to the perpendicular and the parallel field orientations with (4.3),
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Ba=±0.3 T - Parallel
Ba=±0.3 T - Perpendicular
Figure 4.9: PITSAM1 total losses density per cycle: comparison between the
THELMA numerical results obtained with two sinusoidal field orientations,
parallel and perpendicular to the cable. The 16CEs simplified model, the N200em
discretization and one phase set are considered.
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where a = 17.9 mm and b = 6.3 mm are the inner dimensions of the conductor.
The discrepancy between the two ratios confirms that the anisotropy of a
flat twisted multi-strand conductor, even if present, is not as large as for a
rectangular monolith with a single time constant [74][75]. In fact, in case of
CICCs, the Campbell’s formula (4.10) is not strictly valid since the layout of a
multi-stage conductor involves different twist pitches, the presence of contact
resistances between the strands and a void fraction in the cable cross-section.
4.4 Coupling loss analysis in the WR WP2
DEMO TF prototype conductor
To validate the new geometrical model developed for flat multi-stage cables,
the coupling currents loss are computed for the WR WP2 prototype conductor
proposed for the DEMO TF coils. Differently from the analysis presented in
Section 4.3, the strand 2D resistivity parameter has been already fixed on
the basis of the inter-strand contact resistances measurements, as shown in
Section 3.3. For this reason, the subsequent study has a deep impact on the
geometrical model validation. The coupling loss modeling with the RW1 WP1
conductor is still ongoing.
4.4.1 AC losses measurements in the WP2 conductor
The total AC losses were measured by the University of Twente in the
dipole setup [42] with the same 400 mm long WR WP2 sample already pre-
pared and used for the contact resistances measurements [6]. In the dipole
setup, the conductor can be subjected to both DC and AC magnetic field by
the superimposition of a constant term and a term sinusoidal with time. The
homogeneous field length is about 50 cm. The AC losses are measured via
calorimetry by means of a calorimeter installed inside the bore of the mag-
net, or via magnetization method by means of a set of compensated pick-up
coils wound around the conductor. In this case, two field orientations were
considered because of the conductor rectangular shape. The following AC test
conditions are chosen for the validation of the new geometrical model:
• WP2: virgin sample tested at 4.2 K in liquid He bath and a sinusoidal
field of ±0.15 T without an offset field. The experimental data are re-
ported in Figure 1 of [6].
Broadly speaking, the virgin WP2 conductor has shown same level of hys-
teresis loss but higher coupling loss compared to the ITER Nb3Sn cables [76],
64 Coupling loss modeling
Table 4.3: Fit parameters of the ITER scaling law for the WR WP2 strands
critical current density.
p q C Bc20m Tc0m
[-] [-] [AT/mm2] [T] [K]
0.593 2.16 34547 33.24 16.34
Ca1 Ca2 ϵm ϵ0,a ϵappl
[-] [-] [%] [%] [%]
50.06 0 -0.059 0.312 -0.21
resulting in a relatively high values of time constant. This result is probably
attributable to the low void fraction of the conductors and the absence of the
petals wraps.
4.4.2 Coupling loss numerical analysis: DEMO - WR
WP2
Model description
Since the WR WP2 conductor is composed of a huge number of strands, it
has been modeled with 43 equivalent macrostrands, each corresponding either
to the 3×3×4 SC bundle or the 3×4 Cu core bundle, in order to make the
computational time reasonable. As for the PITSAM1 conductor, the macros-
trands geometry and contact resistances are computed on the basis of the
detailed cable geometry made up of 1236 strands modeled with the new geo-
metrical model. In this case, the five samples geometries with different phase
set generated for the contact resistances analysis are used. The two cooling
spirals inserted in two petals are modeled as two more 3×4 core bundles made
of strands with high longitudinal and inter-strand contact resistivity. For the
other 1080 superconducting and 136 copper strands, the set value of 2D contact
resistivity ϱc = 8.5·10−13 Ωm2 (see Section 3.3.1) is adopted for the inter-strand
resistances computation. The macrostrand critical current density is modeled
with the official ITER scaling law [24] adopted for Nb3Sn critical surface which
has been proposed by the University of Twente as a more accurate description
of the Summers’ fit [77]. In Table 4.3 are reported the strand fit parameters
used for this analysis [7]. The cross-section and the 3D view of the simpli-
fied cable geometry composed of 43 equivalent macrostrands are respectively
shown in Figure 4.10 and 4.11.
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Figure 4.10: Cross-section of the simplified W&R WP2 cable model made
of 43 CEs; two of the bundle cores (blue macrostrands) represent the cooling
channels.
Figure 4.11: 3D view of the W&R WP2 simplified geometrical model made
of 43 CEs.
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Numerical results
The coupling current loss computed with the THELMA code are plotted
in Figure 4.12 together with the measured one. The overall trend of the ex-
perimental AC losses versus frequency is respected by all the samples modeled
with THELMA. At frequencies below 8 mHz, where the linear behavior of the
measured coupling loss deviates [6], the agreement between the experimental
and the numerical results is good whatever the phase set Θ. The coupling
time constant of the conductors found numerically, nτc ≈ 41.80 s, is close
to the one derived from the AC test, nτm = 37.9 s, and also the position of
the calculated loss peaks appear to be in accordance with the experimentally
one. At frequencies above 10 mHz, the coupling loss given by the THELMA
simulations are quite higher in comparison with the AC test results, but a not
negligible dependence on the strands initial positions can be noticed. This was
expected since the maximum twist pitch of the conductor is ∼1.7 times the
length of the tested sample, so the field screening may be strongly influenced
by the coupling currents paths and hence by the strands initial positions. As
regards the hysteresis loss, it has not been considered since it is negligible in
comparison with the total AC losses, and then it was extrapolated at very low
frequencies where the experimental data were few and less accurate [6].
The five samples of the WR WP2 have been modeled with 80 longitudinal
elements because it represented a reasonable compromise between the accu-
racy of the coupling loss simulations and the computational cost related to the
modeling of the demanding cable geometry. However, the increase of longitu-
dinal points number may results in lower coupling loss for frequencies higher
then 8 mHz, as seen with the PITSAM1 case study.
Parametric analysis
In order to investigate the 2D model sensitivity to the strand contact resis-
tivity parameter ϱc, which is used to compute the contact conductances for the
Bologna EM module (see Section 4.2), parametric studies have been carried
out. As reasonably expected, as the contact resistances between strands in-
crease, coupling loss tends to decrease and the frequency fM [Hz] correspond-
ing to the maximum AC losses value tends to increase, with a consequent
reduction of the coupling time constant [60]. For this reason, the contact con-
ductances and the coupling loss have been also computed with the 2D strand
contact resistivity increased by 10% and 20% with respect to the reference
value (ϱc=8.5·10−13 Ωm2). It follows:
• ϱc,10%=9.35·10−13 Ωm2 ;
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4543 CEs - Θ1
4543 CEs - Θ2
4543 CEs - Θ3
4543 CEs - Θ4
4543 CEs - Θ5
Figure 4.12: AC losses density per cycle versus frequency of DEMOWRWP2:
comparison between the experimental data [6] and the THELMA numerical
results obtained with the 43CEs simplified model. Five different phase sets are
considered.
• ϱc,20%=1.02·10−12 Ωm2 .
In Figure 4.13, the numerical results obtained with the five samples of the
WR WP2 modeled with THELMA are shown. The numbers of equivalent
macrostrands and longitudinal elements and the minimum width parameter
w0 have not been changed for this analysis (see Section 4.4.2). From the
numerical data in Figure 4.13, a slight reduction of the effective nτ can be
observed. This reduction is about 0.5% in the case of ϱc,10% and 1.3% in the
case of ϱc,20%, compared to the reference case. Actually, no reduction of the
maximum loss is visible, whereas an increase of fM occurs.
The effect of the ϱc variation on the contact resistances distribution is now
shown. As described in Section 3.3.1, the analysis with the five WR WP2
samples has been performed again assuming ϱc,10% and ϱc,20%. Figure 4.14
shows that the computed resistances per unit length increased proportionally
to the ϱc value for all 10 strands combinations (see Table 3.2).
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45ρc (Θ1 - 43 CEs)
45ρc,10% (Θ1 - 43 CEs)
45ρc,20% (Θ1 - 43 CEs)























45ρc (Θ2 - 43 CEs)
45ρc,10% (Θ2 - 43 CEs)
45ρc,20% (Θ2 - 43 CEs)























45ρc (Θ3 - 43 CEs)
45ρc,10% (Θ3 - 43 CEs)
45ρc,20% (Θ3 - 43 CEs)























45ρc (Θ4 - 43 CEs)
45ρc,10% (Θ4 - 43 CEs)
45ρc,20% (Θ4 - 43 CEs)























45ρc (Θ5 - 43 CEs)
45ρc,10% (Θ5 - 43 CEs)
45ρc,20% (Θ5 - 43 CEs)
Figure 4.13: Results of parametric analysis: coupling loss density per cy-
cle versus frequency computed assuming three different values of the contact
resistivity parameter used to calculate the contact conductances between the
cable strands. In each chart, one phase set Θ used to model the geometry of
the sample is considered.






















































Figure 4.14: Results of parametric analysis: contact resistances distribution
assuming three different values of the contact resistivity parameter.

Chapter 5
Eddy currents loss prediction
5.1 Introduction
One of the main solutions proposed for the conductor of the DEMO toroidal
field (TF) magnets is based on the Nb3Sn react&wind (RW) technology. Since
with this technology the jacketing process is made after the heat treatment,
the compressive thermal strain on the Nb3Sn strands is reduced resulting an
increase of the critical current density and hence to a significant reduction of
the required amount of Nb3Sn compared to the wind&react (WR) technology
[78]. In addition, there is more freedom regarding the shape of the jacket as it
can be composed by two longitudinally shells welded together after the heat
treatment. This allows to get jackets with different thickness in the winding
radial and the toroidal directions and hence to optimize the amount of steel
according to the mechanical loads in the layers of the TF coils [79]. The RW
option is therefore a promising choice from both the cost and the reliability
points of view, taking into account the final size of the TF WP and the stabil-
ity of the strands under cyclic loading and thermal cycles.
The RW method leads to a flat cable design in order to arrange the strands
as close as possible to the neutral bending axis [80] and hence to minimize
the bending strain on the heat-treated strands during the conductor manufac-
turing and the coil winding. For this reason, in the proposed prototypes of
cables, the copper stabilizer is not homogeneously distributed inside the cable,
as it is in the ITER TF cable-in-conduit conductors made by superconducting
and copper strands twisted together, but it is segregated and it forms an outer
layer around the central conductor. In the case of segregated copper, it is
mandatory to investigate on the contribution of the eddy currents to the total
losses due to an external variable magnetic field, e.g. during the charge and
discharge operations of the coils and the plasma fast transients.
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In the following sections, the prototype cable based on the RW technology de-
signed and tested by the superconductivity group of the EPFL - Swiss Plasma
Center (SPC) for the DEMO TF coils is presented. The contact resistances
measurements and the modeling of the eddy currents loss in the new cop-
per stabilizer proposed for the so called RW2 conductor are also shown and
discussed.
5.2 SPC React&Wind cables
Two prototype RW TF conductors have been proposed, manufactured and
tested in the past by the SPC. The first one, RW1 [41], was designed for 82.4
kA in 13.5 T field, corresponding to the DEMO 2013 reference design [81].
This is the cable that was modeled and analyze in Chapter 3. The second
prototype, RW2 [78][82], was optimized for 63.3 kA and 12.2 T of the DEMO
2017 baseline [83]. Both the conductors have a similar layout: they are flat
cables made of a central core with a small thickness, 12.3 mm and 11.0 mm
for the RW1 and RW2 respectively, to have a low strain during the bending
process of the coil winding. The core is composed by twisted Nb3Sn strands
and it is surrounded by the stabilizer. For the RW1 a layer of thick chromium-
coated copper wires was considered, while, for the RW2, two solutions based
on a solid block of Cu/CuNi “mixed matrix”, e.g. the half-size (HP) and the
full-size (FP) profile, were preferred as stabilizers (Figure 5.1).
The AC measurements carried out with the RW2 prototype in the SULTAN
facility [70], by applying an external sinusoidal field, showed acceptable cou-
pling loss in the conductor [82], but large eddy currents loss in the stabilizer
leading to an unwished amount of total AC losses in the cable [84]. A large
contribution due to the eddy currents was already expected, since the RRR
values measured in the longitudinal and the transverse directions were low in
the half-size profile and much higher in the full-profile stabilizer, leading to a
low ratio of longitudinal to transverse RRR for both the solutions, as shown
in Table 5.1 [78]. Indeed, a stabilizer with high transverse resistance and a
good conductivity along the cable is desired to minimize the AC losses and to
guarantee a safe behavior in case of quench.
To reduce the eddy currents loss, a Rutherford cable made by CuNi-clad
copper strands has been proposed as new stabilizer for the RW2 conductor
instead of the solid mixed matrix profiles. The high longitudinal RRR of the
copper (400-450), the CuNi cladding of the strands to increase the transverse
resistance and the undemanding manufacturing process are the main features
of this promising solution.
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Figure 5.1: Upper: RW1 with chromium-coated copper strands around the
central conductor. Below: RW2 with half-profile (left) and full-profile (right)
Cu/CuNi mixed matrix stabilizer (courtesy of P. Bruzzone).
Table 5.1: Longitudinal and transversal RRRs of the RW2 stabilizers.
Stabilizer RRRl RRRt RRRl/RRRt
Half-profile 45 19 2.4
Full-profile 400 - 450 140 3.2
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Table 5.2: Main characteristic data of the new RW2 Rutherford stabilizer.
Parameter
Strands material Copper
RRR 400 - 450
Strands cladding Cu-Ni
Strands diameter [mm] 3.3
Number of strands 30
Void fraction [%] 10
Transposition pitch [mm] 450
Figure 5.2: Cross-section of the Rutherford copper cable (courtesy of P.
Bruzzone).
5.2.1 Rutherford cable
The specifications for the manufacturing process of the cable are summa-
rized in Table 5.2 and the sizes of the cross-section are indicated in Figure
5.2.
5.3 Contact resistances analysis in the Ruther-
ford copper cable
The electromagnetic part of the THELMA code presented in Section 4.2
that describes the cable through a distributed parameter electrical circuit
model [69] has been used for the calculation of the losses inside the Ruther-
ford cable due to an external AC field. All the strands are discretized into a
5.3 Contact resistances analysis in the Rutherford copper cable 75
set of longitudinal elements, that are magnetically coupled to each other and
are in electrical contact through contact conductances, computed thanks to
the interstrand 2D model (see Section 3.2.2). As regards the following analy-
sis, starting from the measurements of contact resistances between two copper
strands made by the SPC group at the Paul Scherrer Institute, the 2D contact
resistivity ϱc [Ωm
2] of the strands is tuned in order to model the Rutherford
cable and carried out a preliminary analysis of the eddy current loss inside the
new stabilizer.
5.3.1 Contact resistances measurement
One of the main aspects that rules the AC loss phenomenon in a supercon-
ducting cable is the distribution of the interstrand contact resistances, which
strongly influences the induced current loops and hence the energy dissipation
inside the conductor [42][43][44]. If a contact between copper strands is con-
sidered, as in the case of the stabilizer, the longitudinal resistance must also
be considered since it is no longer negligible.
The resistance between two copper strands has been measured as function
of the applied mechanical transverse load in order to achieve a parameter
database of the Rutherford cable behavior when an external AC field is ap-
plied.
Measurement layout
Two chromium-coated copper strands were selected and inserted in an in-
sulated steel track closed by a plate which is used to apply the load and press
the strands. The current was injected and extracted at the opposite ends of
the strands and the total resistance, accounting for the longitudinal and the
contact one, was calculated from the voltage value measured between the two
soldered voltage taps (see Figure 5.3). The sketches of the measurement layout
are in Figure 5.4 and 5.5. The resistance was measured at different levels of
applied load.
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Table 5.3: Specifications of the contact resistances measurement.
Data
Strands material Copper
RRR 250 - 300
Strands diameter (D) [mm] 2.8
Strands coating Cr
Number of sample pairs 4
Number of compressive levels 6
















Figure 5.6: Experimental results of the contact resistances measurement
performed at PSI.
Measurement results
In Figure 5.6 the values of the resistances measured between the two voltage
taps are plotted versus the transverse percentage strain ϵ = ∆l/2D. Although
the obtained results have a slightly scattered distribution for any load level, the
overall trend seems to be reasonable. In addition, at high levels of compression,
three samples out of four show quite close value of resistance.
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5.3.2 The current diffusion in resistive inter-strand con-
tacts
The contact resistance measurement described above can be used to tune
the parameter of the interstrand 2D contact model, i.e. the 2D contact resis-
tivity ϱc [Ωm
2] to be used for the stabilizer analysis.
Considering two parallel resistive strands, the contact length can affect the
measurement because of the non negligible longitudinal resistance of the ma-
terial. In this case, not only the contact resistance is involved and the two
strands may be not considered as equipotential so that the current diffusion
process along the strands may not be linear. For this reason, a simple model
of current diffusion between two resistive (NM) strands is here presented and
analyzed with the 2D contact model.
Distributed parameter network model
The geometry considered is represented in Figure 5.7: two strands are in
contact and both are characterized by their contact 2D resistivity ϱc [Ωm
2].
Let x be the curvilinear coordinate along the couple of strands and let ϱNM
and ANM be respectively the strand resistivity [Ωm] and the cross section area











where u(x) is the voltage between the two strands [V], rNM = ϱNM/ANM is
the longitudinal resistance per unit length [Ω/m], itr is the transport current
[A], itr − i(x) is the current in the upper strand [A], i(x) is the current in
the lower strand [A], gc = 1/(ϱc + ϱc) is the transverse conductance per unit
surface [S/m2] and w is the width of the contact [m] (see Figure 3.3) which is
constant in this model. Combining these two equations, one finds:
d2i
dx2
= −rNMgcw itr , (5.2)
whose solution can be written as:
i(x) = − itr
2λ2
x2 + I1x+ I2 , (5.3)
















Figure 5.7: Above: view of two resistive (NM) strands in contact. Below:
sketch of the equivalent distributed network, where an infinitesimal part, dx
long, is put into evidence.
The distributed parameters model is completed with a current generator






The current in the lower strand i(x) is obtained imposing the following bound-
ary conditions to (5.3):
{
i(0) = 0 ,























I2 = 0 .
(5.6)
where ξ = l/λ is the ratio between the contact and the diffusion lengths. The




























































































Given the contact width w, the transport current itr, the longitudinal resis-
tance per unit length rNM and the contact length l, it is possible to set the 2D
model parameter, i.e. the strands contact resistivity ϱc, in order to obtain the
proper value of resistance R.
Although the phenomenon of the current diffusion between two resistive strands
depends on the quantities listed above, the diffusion length may also influenced
this process. Two limit cases can be pointed out:
1. if l ≪ λ, ξ → 0:







the contact resistance dominates the process and the diffusion of the
current from one strand to the other covers uniformly the whole length
of the contact. Each strand is equipotential;
2. if l ≫ λ, ξ → ∞:
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where R = rNM l is the total longitudinal resistance of one strand and
G = lgcw is the total transverse conductance between the two strands. In
this case the current diffusion is pronounced at the contact longitudinal
ends.
5.3.3 Contact model
To analyze the experimental data, being the two strands parallel, the con-
tact length is l [m] and w(x) [m] is constant along the strands, whereas lo-
cal contact areas are present between the strands in the Rutherford and the
cable-in-conduit conductors. Here two models are considered to represent the
cross-section of the two strands in contact. Both models neglect any possible
strand longitudinal strain due to Poisson’s ratio.
First model
In the first contact model, already presented and used in Section 3.3, the
width of the contact is computed directly from the distance d between the
strands centers in the cross-section, neglecting any strand radius change (see
Figure 5.9).
Assuming circular strands cross-sections with the original diameter D0, since
ϵ is negative, it follows:







− 1 , (5.11)
w =
√





−2ϵ− ϵ2 . (5.12)
The graph of w/D0 as a function of ϵ is shown in Figure 5.10.
Second contact model
In principle, in the absence of longitudinal strain, a compensation between
the local cross-section reduction in the contact zone and the rest of the cross-
section should be taken into account. This compensation leads to an increased
contact width. A second model has therefore been developed in which, once
the contact occurs, the cross-section is still assumed circular, however with a
diameter suitably augmented to keep the strand cross-section area constant
(see Figure 5.11). Actually, this model is relevant for the current geometry,





Figure 5.9: First contact model. Above: initial state. Below: pressed state.











Figure 5.10: First contact model: contact width as a function of the strands
transverse deformation ϵ.







Figure 5.11: Press state with the new contact model. Above: the net strands
area (red) and the initial strands circumference (dashed lines). Below: detail
of the lateral circular segments (dashed areas) of one strand after the diameters
enlargement.
whereas in case of a multi-strand conductor, several contacts occur between
one strand and the others at any cable cross-section reducing the feasibility of
this contact model. The area of the deformed cross-section is:
A = r2 (π − 2α + sin (2α)) , (5.13)
d = D cos(α) , (5.14)
w = D sin(α) , (5.15)
where D = 2r is the augmented radius and 2α is the angle at centrum corre-
sponding to the deformation. Calling again D0 = 2r0 the original undeformed
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1− 2α− sin (2α)
π
= ψ(α) , (5.16)
ϵ = ψ(α) cos(α)− 1 . (5.17)
w
D0
= ψ(α) sin(α) , (5.18)
d
D0
= ψ(α) cos(α) , (5.19)
The graph of ψ(α), plotted in Figure 5.12 (a), shows that a non negligible
diameter increase is to be considered when α ≥ 40◦, corresponding to ϵ ≈
−0.18. For each level of compaction, α can be obtained by numerically solving
(5.17). An approximate expression of α as a function of d/D0 can be found
as:
α = 0.52615− 0.52353(d/D0) + 1.4556(1− d/D0)0.51236 . (5.20)
With (5.20), a straightforward computation of (5.18) and (5.19) is possible, so
that a smaller computational effort is achieved.
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Figure 5.12: Second contact model. Graphs of functions: (a) ψ(α) = D/D0;
(b) ϵ(α); (c) w/D0; (d) d/D0.
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Figure 5.13: Graph of the approximate expression of α.
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5.3.4 Contact resistances simulations
The aim of this analysis is to model the resistance measurements presented
in section 5.3.1 and to tune the strands parameter ϱc [Ωm
2], in order to match
the measured values shown in Figure 5.6. Then, this parameter has been
adopted to compute the inter-strand contact resistances used in the Rutherford
cable losses analysis presented in section 5.4.
The measured mean reference value at ϵ = 16.07%, which corresponds to
R=7.55 µΩ, was selected as target for tuning the 2D contact resistivity. Two
100 mm long copper strands with a diameter D0=3.3 mm and RRR=250 were
modeled and placed at distance d:
d = D0 − (∆l/2) = 3.3− (1.061/2) = 2.77mm,
where
∆l = 2D0 ϵ = 2× 3.3× 0.1607 = 1.061mm.
Since the longitudinal resistance of the strands is not negligible, and two strand
tails were present in the tested sample, an additional length 2lend = 58 mm
was considered (see Figure 5.14). So, the effective resistance value taken as
target was:
Reff = R−R2lend = 7.55− 0.4585 = 7.092µΩ.
Analytical model
The contact resistances was first calculated by an analytical approach based
on the modeling process shown in Section 5.3.2. The final 2D contact resistivity
values adopted to compute the effective resistance Reff with both contact
models presented in Sections 5.3.3 and 5.3.3 were:
• ϱc = 5.64E-10 Ωm2 for the first model;
• ϱc = 6.73E-10 Ωm2 for the second model.
THELMA model
The analysis was also carried out with the electrical lumped network model
of the THELMA code. In this case the final adopted values were:
• ϱc = 5.89E-10 Ωm2 for the first model;
• ϱc = 7.02E-10 Ωm2 for the second model.
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Figure 5.14: THELMA Model of the resistance measurement between two
copper strands made at the PSI laboratory.
Modelling results
The parameters tuned with both models were used to calculate the resis-
tance at any stage of compression by only modifying the distance d between
the two strands centres. The comparison between measured and computed
values is shown in Figure 5.15. Few remarks about these results can be made:
1. The resistances computed with the first and the second geometrical con-
tact models show the same trend at high levels of compression, i.e. the
selected condition for the 2D resistivity setting, but a deviation is no-
ticeable at the low levels where the contact widths computed with the
two models become comparable and the difference in the 2D resistivity
leads to different resistance values.
2. The 2D resistivity parameters found with the analytical and the THELMA
models are not equal: this is probably due to the lumped nature of the
equivalent network analyzed by the THELMA code which is composed
by a finite number of contact resistances to allow the current to flow
from one strand to the other. Although there are many longitudinally
elements to achieve convergence, a non entirely constant contact is con-
sidered unlike the analytical case.
3. At any levels of compression, the diffusion length is greater than the
contact length (ξ = l/λ < 1, Figure 5.16): the longitudinal resistance
of the copper only slightly influences the measurement of the contact
resistance. As a consequence, the current i(x) [A] in the lower strand
increases quite linearly along the strand axis as shown in Figure 5.17.
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45Eq. (9) - 1st model
45Eq. (9) - 2nd model
45THELMA - 1st model
45THELMA - 2nd model
Figure 5.15: Comparison between the computed and the measured resistances;
the target value (yellow) selected for the strand parameter ϱc (Ωm
2) setting-up
is pointed out.







45Eq. (9) - 1st model
45Eq. (9) - 2nd model
45THELMA - 1st model
45THELMA - 2nd model
Figure 5.16: Ratio between contact and diffusion length (ξ = l/λ) as a
function of the strands transverse deformation ϵ.
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ǫ = ǫmin (ξ = 0.21)
ǫ = ǫmax (ξ = 0.37)
ξ = 1.00.

























ǫ = ǫmin (ξ = 0.19)
ǫ = ǫmax (ξ = 0.37)
ξ = 1.00.
Figure 5.17: Current i(x) in the lower copper strand along the 100 mm contact
length computed with the analytical model. Left: first contact model. Right:
second contact model.
5.4 Eddy currents loss modeling
The final goal of the presented activity was to predict the AC losses due to
the eddy currents induced in the Rutherford cable which has been proposed as
the new stabilizer of the (DEMO) RW2 conductor. This preliminary study is
based on the contact resistance measurements carried out at SPC with strands
which actually are different from those to be used to manufacture the cable.
The CuNi cladding, instead of the Chromium coating, of the tested strands is
one of the main differences which should give a higher transverse resistance to
the cable. So, further investigation will be necessary on the real behavior of
the stabilizer.
5.4.1 Cable geometry modeling
The THELMA geometrical model for Rutherford cables (see Section 2.4.1)
has been used to reproduce the geometry of the new stabilizer with the follow-
ing main characteristics [5]:
• Strands diameter: 3.3 [mm];
• N. of strands: 30;
• Dimension: 6×48.33 [mm];
• Void fraction: At−Ast
At
× 100 ≃ 11.56%;
• Transposition pitch: 450 [mm].
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Figure 5.19: 3D view of a end of the cable.
of the rectangular cross-section are imposed. The only left leg conductor has
been modeled (see Figure 4.5), and a frequency range from 0.01 to 1 Hz has
been considered.
To account for the intra-strand loss resulting by the currents loops induced
inside the single resistive strands with a non negligible longitudinal resistance
(R∥), an analytical approach has been adopted. The following formula taken








This formula refers to a round wire made by a normal metal in a transverse
external field B = B0sin(ωt), where rst is the strand radius and ϱm the re-
sistivity of the metal. The intra-strand loss is first calculated at different fre-
quencies with (5.21) and then added to the inter-strand loss, obtained with the
THELMA code, due to the eddy currents crossing the transverse contact resis-
tances between the cable strands (R⊥). In Figure 5.20, the numerical results
are shown and compared with the experimental ones measured in SULTAN
with the ”Full Profile” RW2 prototype [84]. The losses are not normalized to
the volume of the conductor because the portion of the samples exposed to the
AC field is the same and equal to about 400 mm, i.e. the SULTAN bore high
field zone. Since the RW2 central core is sandwiched between two stabilizing
shells, the computed loss multiplied by 2 are also plotted to get a qualitative
estimate of the loss in both the Rutherford cables. It must be noticed that,
in this model the screening effect due to the superconducting strands is not
taken into account.
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45RW2 Full Profile; 45RW2 Full Profile at 20K;
45Rutherford: Intra-strand loss; 45Rutherford: Inter-strand loss;
45Rutherford: Total loss; 452 × Rutherford: Total loss.
Figure 5.20: Comparison between the computed AC losses in the Rutherford
stabilizer and the measured losses in the RW2 conductor with the ”Full Profile”
stabilizer (one leg).
To further investigate the eddy currents loss, the simulations were made con-
sidering different key parameters of the copper stabilizer. As first analysis, the
RRR of the copper strands was changed from 250 to 400: since the chang-
ing parameter involved the strands behavior, the value of contact resistivity
ϱc was trimmed to cope with the measured values in order to calculate the
inter-strand conductances necessary for the AC loss computation. The second
set of simulations aimed at studying the effect of the transposition pitch of
the cable: two more samples with a transposition pitch of 400 and 500 mm
respectively were modeled. Looking at the results in Figure 5.21, both cases
seem to indicate that the inter-strand loss is dominant with respect to the
intra-strand one. In fact, the increase of the strand RRR, i.e. the lower copper
resistivity, does not lead to substantial changes in terms of losses, whereas the
initial slope of the loss curves and hence the time constant nτ of the Ruther-
ford cable varies significantly with different transposition pitches. This result
is reasonable if R∥ ≪ R⊥: in this case, the contact resistances are large enough
so that the longitudinal one is negligible and the cable behaves like a zero re-
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45Inter-loss: RRR=250 45Inter-loss: RRR=400;
45Intra-loss: RRR=250 45Intra-loss: RRR=400;
45Total-loss: RRR=250 45Total-loss: RRR=400.















45Total-loss: transposition pitch=400 mm
45Total-loss: transposition pitch=450 mm
45Total-loss: transposition pitch=500 mm
Figure 5.21: Left: Comparison between the AC losses in two Rutherford
cables made by strands with different RRR; Right: Comparison between the
AC losses in three Rutherford cables with different transposition pitches.
sistance conductor. For the Rutherford stabilizer, an assessment is given here
by comparing the R⊥ and R∥ resistances of an ideal induced current loop like




























where D is the strand diameter and lpitch is the conductor transposition pitch.
The ratio between R⊥ and R∥ that results by considering a transposition pitch
of 450 mm is large enough to confirm what was previously supposed and,
moreover, if the limit case R⊥/R∥ ∼= 1 is considered by reducing the strand
contact resistivity to ϱc = 2E-11Ωm
2, the effect of the transposition pitch on
the inter-strand loss vanishes as shown if Figure 5.23.
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iloop
Figure 5.22: Induced current loop inside the Rutherford cable made by two
contact points with resistance R⊥ (red) and two branches with longitudinal
resistance R∥ (blue).
.























45Trans. pitch = 400 mm
45Trans. pitch = 450 mm
45Trans. pitch = 500 mm
Figure 5.23: Comparison between the inter-strand loss computed by changing
the transposition pitch of two Rutherford stabilizers composed by strands with
different contact resistivity. Case (a): the value of ϱc is the tuned one of Section




The aim of the present work was to develop new models for the numerical
code THELMA. This code is able to study and analyze superconducting cables
and magnets through suitable geometrical models and thermo-electromagnetic
equivalent networks. The main objective of this thesis was to implement new
geometrical models for multi-stage superconducting cables proposed for fusion
reactors magnets.
A new model based on a pseudo-structural approach has been developed.
• The new model is able to reproduce in a verisimilar way the trajectories
of the cable strands, whatever the final cross-section shape, thanks to the
mimicking of the cabling process. The strands are first wound together
to form bigger and bigger bundles by the progressively rotation of the
sub-bundles axes, and then they are compacted down to the desired
cross-section. An iterative procedure to remove the strands interferences
on the cable cross-sections has been implemented. An elastic force is
considered wherever an interference appears between the strands as a
consequence of both the cabling and the compaction procedure. This
model has also been adapted to describe the geometry of Rutherford-like
cables composed of multi-stage bundles instead of single strands.
• Since the new geometrical model gives the possibility to remove the in-
terferences between strands, a new contact model has been developed to
evaluate the inter-strand resistances on the basis of the contact surface
thanks to the computation of the local contact width. As a consequence,
the value of the contact resistances is computed on the basis of the con-
tact area.
The new geometrical and the contact models have been validated through the
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calculation of contact resistances and the simulation of coupling currents loss
in rectangular multi-stage conductors.
• The inter-strand resistances of the WR WP2 and RW WP1 prototype
conductors proposed for the DEMO TF coils have been analyzed. For
each cable, the strand 2D contact resistivity ϱc has been tuned in order
to match the experimental measurements of contact resistances. The
comparison shows that the measured data are sufficiently reproducible
with the consideration of one free resistivity parameter to be tuned. On
the other hand, these analyses were slightly limited by the computational
time needed by the new geometrical model to generate a very large num-
ber of sample geometries with different phase set in order to carry out a
statistical analysis of the contact resistances distribution.
• A preliminary study about the simulation of coupling currents loss has
been done by considering a CIC conductors with rectangular cross-section
composed of a few number of strands. The ϱc has been set in order to
match the AC test results. The agreement between computed and mea-
sured loss is very good in the low frequencies range with the complete
geometrical model. On the other hand, a deviation has been noticed at
higher frequencies. Four more samples of the same conductor have been
considered and modeled with different phase sets by considering a sim-
plified cross-section made of 16 equivalent macrostrands. A parametric
analysis demonstrated that denser longitudinal discretizations can lead
to a reduction of the computed coupling loss at high frequencies. Never-
theless, the increase in computational time to be paid with an increased
number of longitudinal elements is not justified if the low frequency range
is considered.
• To further validate the geometrical model, the coupling loss in the WR
WP2 conductors has been simulated. In this case, the value of ϱc tuned
with respect to the contact measurements was used to calculate the inter-
strand conductances. The numerical results obtained with a simplified
cable model made by 43 equivalent macrostrands have shown a sufficient
agreement with the experimental data at low frequencies whatever the
phase set considered. Nevertheless, further data must be collected from
the numerical analysis to understand the relation between the longitudi-
nal strand discretization and the computed coupling loss.
In addition, the present thesis include the research activity carried out at
the Paul Scherrer Institute (PSI) with the Superconductivity Group of the
Swiss Plasma Center (EPFL). The eddy currents loss in the new stabilizer of
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the RW2 prototype for the DEMO TF coils has been numerically modeled.
The THELMA code has been used to reproduce the geometry of the stabilizer
which consists in a Rutherford cable composed of 30 chromium-coated cop-
per strands and to simulate the loss due to the presence of an external AC
field. To calculate the contact conductances among the strands of the cable,
the strand contact 2D resistivity parameter has been tuned starting from the
contact resistance measurements carried out with two parallel strands at the
PSI laboratory.
• The eddy currents loss in the Rutherford stabilizer computed with THELMA
shown a lower time constant nτ and a higher loss peak frequency in com-
parison with the already tested full-profile RW2 sample assembled with
the copper mixed matrix. Since most of the AC losses measured with
the full-profile RW2 were due to the eddy currents induced in the copper
stabilizer, the Rutherford cable seems to be a promising choice as new
stabilizer.
Future work
Further studies are needed to improve the iterative method for the strands
interferences removal process implemented in the new geometrical model. Fu-
ture work will focus on the modeling of the coupling current loss inside a
multi-stage Rutherford-like conductor to assess the results obtained with this
kind of cables.
As regards the new stabilizer of the RW2 conductor, new contact resistances
measurements carried out with CuNi-clad copper strands will be useful for
the tuning of the strands contact parameter needed for the calculation of the
contact conductances and the eddy currents loss in the final design of the
Rutherford stabilizer. Moreover, a new implementation in the THELMA code
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